Background: Robotic distal pancreatectomy (RDP) is performed increasingly, but knowledge of the
Introduction
Laparoscopic distal pancreatectomy (LDP) is associated with reductions in blood loss, analgesic requirements, hospital stay and morbidity compared with the open approach. [1] [2] [3] [4] [5] [6] [7] Similarly, robotic distal pancreatectomy (RDP) has been demonstrated to be equally safe and effective, and to confer benefits similar to those associated with laparoscopic surgery. [8] [9] [10] [11] However, RDP may also allow for substantial reductions in blood loss (> 500 ml) and rates of conversion to open surgery, particularly when it is performed for cancer. 8, 11 Additionally, the costs associated with RDP may become comparable with those of the open or laparoscopic approaches when reductions in conversions translate into reduced hospital lengths of stay (LoS). 9 The benefits of minimally invasive distal pancreatectomy (DP), 7, 12 coupled with the advantageous ergonomics of the robotic platform, have led more surgeons to attempt RDP for the treatment of benign and malignant disease. 13, 14 As for other procedures, a learning curve may exist for RDP, which, if identified, may allow new adopters the insight and benefit of prior experiences. For RDP, this learning curve entails the mastery of important facets unique to the use of robotic technology, including optimal port placement, the development of close coordination between the console surgeon and bedside assistant, and the overcoming of the loss of tactile feedback. The present paper reports the outcomes of the first 100 consecutive RDPs to be performed at one centre with the aim of HPB identifying major inflexion points and milestones in the optimization of perioperative outcomes.
Materials and methods
Design and study population A retrospective (institutional review board-approved) review of a prospectively maintained database of all RDP procedures carried out at the University of Pittsburgh from August 2008, when the gastrointestinal robotic programme at the University of Pittsburgh Medical Center (UPMC) was implemented, to July 2013 was performed. The cohort consisted of the first 100 consecutive cases to be operated using the Da Vinci S or Si Surgical System (Intuitive Surgical, Inc., Sunnyvale, CA, USA). Three surgeons (HJZ, AJM and AHZ) performed 86.0% of all RDPs in this cohort. These three surgeons had extensive prior experience with LDP, but no substantial prior robotic experience. Contraindications to RDP at the study institution evolved significantly over the study period, but from 2011 were limited to: (i) pancreatic body tumours involving the splenoportal confluence for which the resection and reconstruction of the superior mesenteric vein and/or portal vein were anticipated, and (ii) tumours for which a negative margin resection was anticipated to require large multivisceral resections. Importantly, patients with neoadjuvant therapy, anticipated 'side-bite' resections of the splenoportal confluence or concomitant 'minor' resections of adjacent viscera (adrenalectomy, partial colectomy, duodenectomy, gastrectomy) were not excluded from the robotic approach.
Operative technique
The technique for RDP used at this institution has been published previously. 2, 11 Initial laparoscopic mobilization is limited to: (i) mobilization of the greater curvature of the stomach up to the angle of His cranially and the right gastroepiploic pedicle inferiorly, and (ii) lowering of the splenic flexure. The remainder of the operation is performed robotically. Splenic preservation was performed according to surgeon preference. When performed for pancreatic ductal adenocarcinoma (PDA), en bloc resection of the retroperitoneal fascia according to the method described by Strasberg Cumulative sum analysis of operative time Cumulative sum (CUSUM) analysis was used to define the learning curve. CUSUM is the accumulated total difference between each data point and the mean of all data points for a particular metric. It is well suited to and widely employed in the assessment of new technical skills. [19] [20] [21] Starting with the earliest surgical date, cases were ordered chronologically; the difference between the operative time (OT) of each of the 100 cases and the mean OT of all cases (l OT ) was then obtained. The CUSUM OT was obtained by adding up the calculated difference from the overall mean, starting with the first case to the next cumulatively. If the OT for a case is more than l OT , the addition to the running value of CUSUM ORT is a positive number (upwards slope on the graph). Conversely, it is a negative number if the OT for a case is less than l OT (downwards slope). This cumulative process is sustained until CUSUM ORT for the last case is calculated as zero. This allows for a graphical representation of the learning curve and simultaneously outlines deviations from the OT norm.
Results
Perioperative outcomes for the entire cohort Table 1 demonstrates preoperative parameters for the entire cohort (n = 100). The mean age of the patients was 60 years. A total of 58.0% were female and 66.0% of patients had undergone prior abdominal surgery. Indications for RDP included neuroendocrine tumour (n = 35), PDA (n = 30), chronic pancreatitis or benign or premalignant cystic disease (n = 30), and metastatic lesions (n = 5). Table 2 displays operative and postoperative outcomes. The average OT was 246 min and the median estimated blood loss (EBL) was 150 ml. Two patients (2.0%) required conversion to laparotomy for failure to progress in a large 11-cm mucinous cystic neoplasm (MCN) (case 41), and significant adhesions (case 47). No 90-day mortalities were recorded. Clavien-Dindo Grade III and IV complications occurred in 14.0% of patients and POPF occurred in 42.0% (Grade A, 24.0%; Grade B, 13.0%; Grade C, 5.0%).
Identification of learning curve based on CUSUM OT
An analysis of all perioperative outcomes was performed by grouping patients chronologically into 10 groups (data not shown). This analysis revealed OT as the only variable to exhibit improvement across the 10 groups. A significant reduction in OT was observed after the first 40 cases (from 298 min to a The 100 RDPs included 82 pure RDPs and 18 RDPs with additional procedures (cholecystectomy, n = 6; duodenal/gastric resection, n = 5; liver radiofrequency ablation, n = 3; adrenalectomy, n = 2; colectomy, n = 1; inferior vena cava filter placement, n = 1).
b
Early experience (n = 40) included 32 pure RDPs and eight RDPs with concomitant resection. c Late experience (n = 60) included 50 pure RDPs and 10 RDPs with concomitant resection. Reasons for the 16 (early experience) readmissions were: fluid collections (n = 8; all had Grade B or C leaks);fever (n = 2; both had Grade B leaks but no collection); nausea/pain (n = 2; both had Grade A leaks), postoperative haematoma (self-limiting) (n = 2), seizure activity (no leak) (n = 1), and superficial wound infection (n = 1). e Reasons for the 12 (late experience) readmissions: fluid collection (n = 4; Grade B, n = 3; Grade A, n = 1), fever (n = 3; Grade B leak but no collections), postoperative pain/constipation (no leak or collections) (n = 2), poorly controlled new postoperative diabetes (n = 2), Clostridium difficile (n = 1), and flu-like symptoms (n = 1). HPB 210 min; P < 0.0001) (Fig. 1) . Further analysis revealed two distinct inflexion points within these 40 cases; reductions in OT were observed between the first two cohorts (cases 1-20, 330 min) and the second two cohorts (cases 21-40, 266 min) (P < 0.0001) and between the third and fourth cohorts (266 min) and the latter six groups (210 min) (P < 0.002). CUSUM analysis is illustrated in Fig. 2(a) . This confirmed the two distinct phases of the learning curve in the first 40 cases, followed by a predominantly downward slope indicating that OTs beyond the learning curve continued to gradually improve. Figure 2(b-d) shows the learning curve phases individually. Moreover, when plotted on a C-chart (Fig. 3) , cases performed beyond the learning curve exhibited minimal variations from the mean, indicating that RDP was being performed with reliable consistency and efficiency once the learning curve had been attained.
Perioperative outcomes in relation to the learning curve Based on the identification of the OT learning curve of 40 cases, an analysis of perioperative outcomes comparing those in the learning curve cohort (first 40 cases) with those in the later experience (post-learning curve cohort: cases 41-100) was performed (Tables 1 and 2 ). Both groups were homogeneous with respect to all preoperative demographics (Table 1) . A significant reduction in the rate of 90-day readmission was observed after the learning curve had been surpassed (P = 0.041). Additionally, marked reductions in the incidence of clinically significant Grade B or C fistulae (27.5% versus 11.7%; P = 0.062), and Clavien-Dindo Grade III or IV complications (20.0% versus 10.0%; P = 0.239) were observed after 40 cases (Table 2) .
Outcomes in patients with and without PDA A subgroup analysis of patients with PDA (30.0%) was also performed (data not shown). Although PDA patients were older (66.3 years) than their non-PDA counterparts (57.5 years) (P < 0.001), all other baseline demographics were similar across both groups and there were no significant differences in operative (mean OT: 244 min versus 246 min, respectively; median EBL: 150 ml in both groups; number of conversions: none versus 2.9%, respectively; all non-significant) or postoperative (median LoS: 6 days in both groups; ClavienDindo Grade III and IV complications: 13.3% versus 14.3%, respectively; readmissions: 26.7% versus 25.6%, respectively; all non-significant) outcomes. The median number of lymph nodes harvested in PDA patients was 19 and only one patient had a positive margin (3.3%).
Discussion
The cumulative summation technique has been effectively used to evaluate learning curves for surgical procedures 22, 23 because it displays the variance from the mean on a case-by-case basis. In this analysis, CUSUM yielded a parabolic curve showing three distinct phases from which correlates of the RDP learning curve can be assessed. The mean OTs during the first, second and third phases were 331 min, 266 min and 210 min, respectively (P < 0.0001). The first steep OT drop (phase 1: 20 patients) can be attributed to increased familiarity with the 'basics' of the platform, which include optimal port placement, robotic docking and an initial rapid improvement in dissection skills. Phase 2 (cases 20-40) is likely to represent the steep learning curve that reflects the surgeon's development of ability to compensate for reduced haptic feedback with improved visualization and mastery of tissue manipulation. Phase 3 (case 40 onward) represents optimized (post-learning curve) performance metrics for RDP. Importantly, OTs may still gradually decline in phase 3 as a result of refinements in technique and the advent of new instruments or technology. Although the present data indicate that approximately 40 cases were needed to achieve optimal outcomes, it is likely that the true learning curve may be less steep in other teams wishing to implement this technology today. Robotic surgery has infiltrated most subspecialties and an increasing number of surgeons are already utilizing the platform. Additionally, other reports detailing RDP technique and outcomes have recently emerged and will provide new adopters with further insight and guidance. A short learning curve, however, is predicated on robust prior experience in open and robotic pancreatic surgery; the present surgical team possessed extensive prior experience in open and laparoscopic pancreatic surgery (but minimal robotic experience) prior to attempting RDP. 2 Thus, ) and noted a significant decline in OT after the first 10 cases. 24 However, it is unclear if this cohort represented the authors' first institutional LDPs. Furthermore, a trend in OT reductions was also observed after the 20th case, implying that the true LDP learning curve might have been longer if the sample size had been larger. Additionally, the authors had the benefit of significant laparoscopic experience prior to performing LDP. This is in sharp contrast with the present authors' RDP learning curve, which was predicated on minimal robotic platform experience. Morbidity after open or minimally invasive DP is not insignificant, even in high-volume institutions. [25] [26] [27] [28] [29] [30] The primary morbidity after DP is the development of POPF, the incidence of which approaches 40% when POPF is characterized rigorously using ISGPF guidelines. 28 The present group observed a decline in the development of clinically significant POPF after the first 40 cases (P = 0.06). This may be attributable to the site of pancreatic transection with the linear cutting stapler; with increasing experience, this group has come to transect all PDA pancreata at the neck in order to maximize negative margin distance and improve lymph node yield. As the parenchyma here is thinnest, clinically significant pancreatic fistulae may have been avoided. Other than the reduction in OT between the early and late phases, the analysis did not reveal any other factors that would have led to a reduction in Grade B and C leaks. Notably, the method of transecting the gland (91.0% stapler, 9.0% electrocautery with robotic oversewing of the cut edge) did not influence the leak rate. However, this reduction in clinically significant POPF is likely to have led to the significant decline in readmissions in the latter part of the experience (from 40.0% to 20.0%; P = 0.041). The association between POPF and readmission is well documented and was confirmed in this analysis: 12 of the 16 readmissions (75.0%) in the early part of the present experience occurred in patients with known leaks (Grade B or C, n = 10; Grade A, n = 2), whereas six of 12 readmissions (50.0%) in the later part of the experience occurred in patients with known leaks (Grade B, n = 4; Grade A, n = 2). The median EBL of 150 ml and conversion rate of 2.0% identified in the present series compare favourably with equivalent data for most LDP series. 3, 5, 9, 22 Unlike in pancreaticoduodenectomy, in which morbidity is much higher as a result of the extent of dissection and multiple anastomoses, the ability to complete RDP without conversion (particularly for PDA) may be the only benefit to distinguish the method from LDP. However, this advantage is of paramount importance because conversions are associated with higher EBL, positive (R1) margins and increased morbidity. 11 Thus, even in the PDA cohort, in which average tumour size was 3.6 cm, EBL was maintained at 150 ml, the R1 rate was low, and no conversions were required. The present analysis has important limitations. Firstly, as three surgeons were involved in the majority of cases (sometimes in a two attending approach in the initial implementation phase), it is particularly difficult to ascertain an individual surgeon's learning curve. Consequently, this learning curve represents that of a 'group' of surgeons performing RDP in similar fashion. Secondly, the learning curve may actually be shorter than 40 cases for surgeons already experienced in some facets of the robotic platform; indeed new attending staff (and fellows) with prior robotic experience and training haveanecdotally -been able to climb this learning curve much more rapidly. Thirdly, the present learning curve analysis is based solely on OT because this was the only metric to display constant significant improvements when outcomes were examined in 10 chronologically ordered groups; all other metrics failed to show such a constant significant improvement, probably as a result of small sample sizes. Finally, during this study period, 75 open DPs (ODPs) and 107 LDPs were performed at the study institution (mostly during 2008-2010). Although comparisons among these three modalities (ODP, LDP and RDP) would have been ideal, these were not feasible because the vast majority of DPs performed by the authors from 2011 onward were RDPs. In conclusion, this report identifies the RDP learning curve to be approximately 40 cases in a group of surgeons with minimal prior robotic experience. Familiarity with the platform, mentorship and dedicated training are likely to contribute to the significant shortening of the learning curve in future adopters.
